Current research activities in the field of manufacturing technology development increasingly focus on integrated approaches for process performance enhancements. As in many process development activities, systematic design methodologies such as TRIZ are either not applied or even unknown in such instances. The main problem in such research efforts of finding integrated solutions is getting the relevant information or knowledge. This paper shows some important trends in the development of production systems in high wage countries and highlights important directions for manufacturing process improvements that are necessary for future innovations. The research reported herein is based on the systematic approach of a design methodology for the development of hybrid processes that was presented at the 2008 ETRIA TRIZ Future Conference. This general methodology still requires the knowledge of other technology domains in terms of standard solutions according to TRIZ.
Introduction
The current state of the world economy has strongly emphasised the role of manufacturing in sustainable wealth creation, with due regard for the limited natural resources and stewardship of the environment. In this light manufacturing technology, which is defined as the science of using manufacturing techniques, assumes considerable importance. The above definition is central to the work described in this paper, according to which the technology of manufacturing refers to the knowledge of causes and effects that pertain to the design and application of manufacturing processes.
This paper examines commonalities in the evolution of manufacturing process technology in the recent past to chart plausible future courses and identify technology gaps. A review of several manufacturing process technologies is accomplished with particular emphasis on general modelling approaches adopted. The literature on novel machining processes is analyzed to recognize general principles that underlie the process of evolutionary technology enhancements. These principles of specific improvements are traced back to physical mechanisms associated with the respective technologies.
With a view to realizing a holistic treatment, several manufacturing processes corresponding to different technology domains are evaluated. The research considers different types of innovations such as improvements referring to the evolution of single processes as well as the combination of several processes or energy forms that constitute hybrid processes. Aspects of technology evolution thus identified from the viewpoint of manufacturing processes are aligned with TRIZ solution principles as appropriate.
Motivation for innovative manufacturing technology development
The current difficult business situation for the production industry sector in Western Europe is often explained by a strongly increasing number of global competitors. New competitors from low-wage countries benefit from the low labour costs and improving technology capabilities at the same time. This trend is clearly recognisable considering the development of worldwide production distribution over the last centuries, see Figure 1 . Highly qualified personnel is a significant factor within the globalised market. Thus workers in a West European company for instance have to compete with Chinese colleagues concerning productivity and quality aspects. Hence, the goal of today's research activities is to offset the difference in the labour costs by higher manufacturing process efficiency in addition to the optimal use of human resources. Thus synergy effects should be reached by an improved integration of production systems and valuable human capital.
Here the high level of human qualification and technology knowledge in high wage countries have to be utilised better, which can be a significant advantage in the context of increasing market dynamics and shorter product or technology life cycles. By effectively using knowledge, a highly agile production system can be realised and innovations can become an important factor in ensuring competitiveness. This implies that besides innovative products, it should also be focussed on the development of innovative production processes. New developments in manufacturing technologies can contribute substantially towards this end.
Trends in Manufacturing Technologies
According to the laws of technical system evolution technological and engineering systems tend towards increasing ideality over time [2] [3] [4] [5] [6] . In the case of manufacturing technologies, an enhancement in quality and accuracy is a general trend; however, ideality is evaluated in terms of multiple criteria. Some important technology requirements are hence depicted in Figure 2 . In specific terms, these requirements translate into the need for efficient manufacturing towards good and cheap products, which are delivered in the minimum possible lead time by using the least amount of energy and natural resources. Further considerations entail the associated emissions, recyclability, flexibility and robustness. In relation to the manufacturing costs the ability to integrate technology platforms is becoming increasingly crucial. A typical example that embodies the aspects above is the innovative use of a laser for local and selective transformation hardening of components in a metal cutting machining centre as opposed to conventional case hardening in a furnace.
Considering the constantly changing business environment in which manufacturing industries operate, production systems have to be evaluated and modified on the fly to align with the market conditions. The major trends that underlie research in production technology can be categorized into:
capability for dynamic production characterized by system adaptability, flexible production that can handle a large number of product variants, near net shape manufacture for resource saving production, and production of new materials, new product functionalities, high quality and accuracy. As rapidly changing technology requirements warrant flexible and versatile production systems, it is increasingly imperative that existing technology knowledge is used effectively for the fast adaption of manufacturing systems to suit new demands. Some of the solutions to this end refer to the design of application of new materials and energy fields, hybridization of production systems and multi-level technology integration.
Evolutionary technology enhancements
Technology enhancements, in general, can refer to either optimization at the process level or fundamental changes at the system level [7] . Optimization is characterised by the tailoring of single processes for specific applications by tuning system elements or features within the confines of the operating envelope of the process, so as to realize optimal performance. Fundamental system changes, on the other hand, are characterised by the substitution or addition of elements, subsystems or mechanisms to a system. In the context of this paper the latter case represents the evolutionary technology enhancements, which are a precondition for innovations. This case is shown in Figure 3 . Several technologies related to the development of cutting tools have followed the S-curve model above. A typical example is the development of rotary cutting tools that entail inserts that rotate about their axis during the course of machining (Fig. 4) . The motivation for the development of this tool was a problem with conventional cutting tools wherein the same segment of the cutting tool edge is repeatedly involved in the material removal process. An approach to improving this is to translate the cutting edge laterally such that the segment of the cutting edge engaged with the workpiece is continually changing during the course of cutting. This does not only distribute tool wear along the entire tool profile but also results in the tool incurring reduced wear as a particular section of the tool is not subject to prolonged heating as in conventional tools.
In the concept above the transverse tool motion corresponded to the reciprocation of the along the cutting edge. A more effective kinematic configuration would be the extension of such a tool edge to correspond to a circle such that the tool can rotate about its axis. In the first generation of such tools, the inserts were driven about their axis by an auxiliary electric drive. Application of such tools in industry was seriously limited by the cumbersome physical configuration of the tool and issues with tool vibration. This tooling configuration therefore evolved to rotate the inserts by inclining the tool insert appropriately, so as to derive the energy from the cutting process by appropriately controlling the engagement of the tool with the workpiece. Issues with vibration in such tools have also been lately addressed paving the way for their recent commercial exploitation. At the present time, such tools are used predominantly in the turning and milling of nickel alloys for aerospace applications wherein tool life is severely limited by the relatively high cutting temperature. 
Evolution principles in manufacturing technology enhancement
In this section, developments related to manufacturing are reviewed in the context of known TRIZ solution principles using the example of surface hardening.
In such applications as in the manufacture of gears, components are required to have a hard and wear resistant surface layer while the workpiece core needs to be ductile in the interest of maintaining toughness. Here a furnace is generally used to heat the workpieces in a carbon-enriched atmosphere. Starting with such a case hardening technology, other surface hardening technologies have been developed such as flame hardening, induction hardening and laser hardening process. These technologies represent different evolution steps in the case of surface hardening. A high integration capacity is a technology requirement that assumes increasing importance for production systems ( Figure 5 ).
Indeed a key surface engineering application of lasers is case hardening which refers to the rapid heating and self-quenching of the surface layer of a material to induce phase transformation without any melting of the material. The primary advantages of this technology are the capacity to accomplish rapid, selective and local hardening without an external quenching medium and the ability to consistently obtain thin, controlled cases with minimal part distortion in a flexible manner.
Conventionally case hardening of a component is accomplished between rough and finish machining cycles and it is not uncommon for the heat treatment and machining operations to be carried out at geographically different locations. The emergence of laser hardening has paved the way for integrating case hardening and machining in the same machine tool. This presents several advantages such as the capability for selective heat treatment, in addition to better logistics and material flow, which in itself represents a significant improvement in production efficiency. In fact, local hardening of steel components has also been used to manage burr formation in critical components.
Case hardening applications have recently been further advanced by integrating it with grinding operations. In this highly integrated technology, the heat generated in the grinding process is utilized for case hardening. It is interesting to note that recent developments in laser technology have had a significant influence on the technology of laser integrated manufacturing. Although there were several attempts to integrate lasers into machine tools in the past, the physical size of the CO 2 laser and issues with the conveyance of the laser beam have precluded the widespread application of this technology. The outlook for the application of this technology has appreciably changed since the advent of solid-state high-power diode laser (HPDL) technology as it is readily integrated into a machine tool on account of its significantly reduced size of the laser head. This laser is further relatively efficient, reliable and maintenance-free. It features good temporal stability and a beam energy distribution that is well suited for surface modification. HPDLs are also capable of beam transport through an optical cable which enables the time sharing of the laser between machine tools for increased utilization.
Solution transfer in machining technology enhancement
A significant aspect related to quality in metal cutting is the time dependence of process responses due to the wear of cutting tools. As machining proceeds, the cutting tools incur wear which translates into an increase in forces that affects machining accuracy and a deterioration of the finish of the generated surface.
It turns out that the problem with non-stationary forces in cutting can be solved by adapting the tool geometry. Figure 6 shows what is known as the ledge tool that comprises a protruding lip of a certain thickness that extends along the tool width such that the tool wear can never exceed the thickness dimension. This corresponds to a fairly uniform performance through the life of the tool.
It is interesting to note that such a tool has a parallel in the design of a mechanical pencil. The thickness of the line drawn using such a pencil is essentially constant as the lead wears, as opposed to a conventional pencil wherein the line thickness continually increases with lead wear. The problem of time dependent performance is also manifest in grinding operations. Wear of the abrasive grits results in the formation of flats in them which leads to an increase in the grinding forces and the incidence of grinding burn. In sol-gel aluminium oxide, the abrasive grains have a random structure comprising several micronsized crystals. Such a structure facilitates micro-fracture of the grains when the force on the grain increases due to wear, resulting in the generation of new cutting edges. This establishes a self-regulating mechanism controlled by the force on individual grits to negate the influence of grit wear. It is possible to induce a similar effect in cutting operations through the application of a class of tool materials known as cermets with a tendency to micro-fracture to counteract the effect of tool wear. Consequently, cermet cutting tools provide a good surface finish. However, their wear resistance is not as good as the counterpart tool material known as cemented carbide. The contradiction between the capability to generate surfaces with a good finish and also provide a good tool life is solved in ball end milling operations by separating these functions in space, as explained in Figure 8 . The innovative concept exploits the asymmetric geometry of the indexable insert ball nose end mill. As it can be seen in Figure 8 , the central insert, as the name implies, extends to the centreline of the cutter and is involved in surface generation while machining. The peripheral insert on the other hand stops short of the centre and thus does not have a role in surface generation. In practice, it is observed that the peripheral insert sustains a higher rate of tool wear compared to the central insert. Hence, it is evident that while the peripheral insert needs to be wear resistant, the central insert would need to generate surfaces with a good finish. This is accomplished by using two different tool materials in the same cutter body: cemented carbide and cermet inserts in the peripheral and central insert positions, respectively [10] .
Application of models for surface quality enhancement Examples are presented in the following to highlight the development of innovative tooling concepts that have resulted from consideration of a simple kinematic model for surface roughness in a turning process. A transverse profile of the surface generated in turning comprises scallops of material that are generated by the nose of the cutting tool, as it traverses a helical path along the circumference of the machined component (see Figure 9 ). Based on geometric considerations alone, the lower bound for the peak-to-valley height Rt of this profile can be shown to be related to the lateral tool feed per revolution f and the nose radius R n as: Rt = (f 2 /8R n ). The model indicates that the roughness can be improved by either decreasing the feed per revolution or increasing the nose radius. Decreasing the feed rate to improve surface roughness corresponds to an increase in the machining time, and hence is not an ideal solution. Indeed, in machining operations, a high production rate in general conflicts with surface quality. However, the model further indicates that the roughness is not affected by the depth of cut, which can be maximized to enhance the material removal rate, provided that such a measure does not affect process dynamics. It is further clear from the model that the finish can be enhanced without compromising productivity by increasing the nose radius of the tool. In fact, the peak-to-valley height approaches zero as the profile of the tool nose is rendered linear, which relates to an infinite tool nose radius.
Increasing the tool nose radius indefinitely beyond a certain threshold value however presents the issue of undesirable chatter due to the significant increase in the thrust forces, depending on the system stiffness. This negatively influences the surface quality. Hence, it is desirable to develop innovative solutions to address this contradiction and allows for the use of a tool with a large nose radius, without being affected by machining chatter.
The thrust force in machining is given by F t = k·t·b where k is the specific cutting force that depends on such factors as the workpiece material and cutting geometry, t is the uncut chip thickness (feed/rev in this case) and b is the machining width. The product t·b therefore refers to the contact area between the tool and the workpiece. A possibility to reduce the thrust force and hence the propensity for chatter is therefore to explore possibilities for limiting the contact area, preferably by reducing the width of machining b. Such an innovative turning process kinematic entails a tool traverse that is different from the conventional longitudinal traverse along just the component axis (Z direction), and is explained with reference to Fugure10.
A B
A' B' In this novel configuration, the tool of an infinite nose radius (flat face tool with cutting edge AB) is presented to the workpiece at an oblique angle and is fed simultaneously across the turned surface in the X direction while it traverses axially along the Z direction. The tool edge A thus engages the workpiece at A' and as the tool is fed axially to the end of the workpiece B', the tool is advanced tangentially such that edge B of the tool corresponds to end B' of the workpiece. This kinematic thus reduces the frontal contact area between the tool and the workpiece, facilitating the use of a tool with a large nose radius with no chatter issues. This is due to the significantly reduced thrust forces on account of the oblique contact between the tool and the workpiece. Owing to the lateral motion of the tool, this kinematic is also advantageous in terms of distributing tool wear across the entire width of the tool. It is interesting to note that a similar process geometric configuration has also been employed in cylindrical grinding known as quick-point grinding (Figure 11 ), wherein the wheel is tilted about the vertical plane with respect to the component axis to reduce the area of contact between the wheel and the workpiece. This is beneficial in terms of simpler work holding (just the friction at the centres has been found adequate in most applications to drive the workpiece), facilitating better ingress of the cutting fluid into the grinding zone for enhanced cooling and lubrication as well as enhanced precision due to the reduction in grinding forces.
The solution presented in Figure 10 involves additional hardware for implementing the tool kinematic. To this end, a compromise solution to resolve chatter issues associated with a tool of an infinite nose radius is the innovative design of the so-called wiper inserts whose cutting edge profile integrates a radius and a small flat. To be effective, such a tool need be used at a feed per revolution less than the width of the flat for it to be able to remove the scallops left behind by the tool nose in the previous pass. Such inserts are currently used both in turning and milling applications.
flat Figure 12 : Wiper insert geometry for cutting.
Technology knowledge and Technology Models
As shown by the examples above, new solutions in manufacturing technology enhancements often represent an integration of knowledge from different technology domains. The knowledge of technology is represented in different kinds of technology models. Thus in interdisciplinary solutions, different technology models are brought together, so that a new solution can be described or explained. At the present time, although the mechanisms of single technologies have been thoroughly investigated and modelled in detail by several experts, interdisciplinary solutions are hardly found. The reasons for this are the limited individual knowledge concerning other disciplines or technologies, as well as psychological barriers (psychological inertia vector).
While the research and development of new technology solutions is mostly characterised by randomly discovered effects -often described as an "accident" -followed by model generation, a systematic and more efficient approach is missing. In order to increase the probability of interdisciplinary solutions in production technology research and development, the linking of different technology explanation models is vital, as shown in [7] . Although experimentation remains the most essential tool for manufacturing technology development, a systematic use of known models prior to experimentation can improve the efficiency of the development process. Assuming that the technology knowledge that is necessary for finding and modelling new technology solutions already exists; this knowledge has to be made available for solving specific technology problems or limits. Due to the fact that the manufacturing technology knowledge needed for technology enhancements is contained in models, these models are classified into different model types as shown in Figure 13 . Analytical-physical models are based on physical laws or functions. The original type of physical models is the fundamental-analytical model, which is mainly based on basic physical equations and only to a minor extent on empirical interrelations. Since the age of computers has found its way into the modelling of manufacturing processes, numerical simulation methods have been used based on finite element models, kinematic-geometric models or molecular dynamic approaches. These approaches are among physical models.
The empirical models are based on experimental data that is analysed statistically. The most common empirical model is the regression model, which describes the relations between a dependent variable and one or several independent variables. An empirical model type developed of late is described by an artificial neural network. It is used for the prediction of output variables depending on input variables and the system model of the process. While the relations between input and output are hidden in this model, the model is created "automatically".
The third model type is represented by heuristic models. This type of models is based on experiences that often cannot be described in the form of exact quantities but by a rule based link between process characteristics. With help of fuzzy logic the information can be transformed to mathematical expressions and thus be used for statistically reliable prediction of process results. Usually, current heuristic models often describe relations between input and output of a technical system or setting parameters and machining results in the case of a manufacturing process respectively. Besides, technology specific knowledge of an expert concerning the causes and effects of technology behaviour and mechanisms is also often described by heuristic models.
The common thread in all models is that they contain information that could potentially be used for the purpose of improving different manufacturing technologies in accordance with general TRIZ principles.
Integration of TRIZ & manufacturing technology design
As shown previously in the analysis of manufacturing system developments, fundamental innovations in production technologies can be realised by the combination of different technologies and technological knowledge from different technology domains. Thus the human feature of creativity and knowledge transferability is an important factor which has to be supported.
Solving a problem requires the availability of an adequate amount and type of information about the considered system and about potential solution approaches as well. As per information theory different kinds of information are distinguished. The information important here in terms of the new solution is the "pragmatic information". This information is quantified by the grade of information that becomes effective on the part of the problem solving person. According to this definition the pragmatic information features a maximum between total newness and total redundancy, see Figure 14 . Pragmatic information Figure 14 : Principle of pragmatic information [12] In terms of a problem solving process in manufacturing process design, higher pragmatic information about both the problem and potential solutions increases the efficiency of the design process. For high pragmatic information it is vital that the receiving person knows the language in which the information is transferred. In the context of technology modelling, this implies a common model language. In section 0 different kinds of manufacturing technology models have been shown that often cannot be combined even within the same technology domain. Thus a common language has to be used to apply the knowledge of technology specific models in order to find interdisciplinary solutions.
Integration of TRIZ and manufacturing technology development
As shown in [7] , the herein aimed approach of manufacturing technology design and TRIZ show common general characteristics for the purpose of solving problems in accordance to [2] Interdisciplinary solutions For the purpose of finding inventive manufacturing technology solutions, the combination of different technology models is necessary. A combination of different models can lead to a common technology unspecific language of problem analysis as well as the integration of "technology-foreign" knowledge, which can lead to new solutions.
The ideal solution Both TRIZ and the manufacturing design process aim at the "ideal solution" instead of accepting early compromises. In order to achieve a technology improvement with higher ideality compared to conventional optimisation, at least two conflicting output criteria of the manufacturing system have to be improved at the same time.
Analogies The analogy approach is based on the assumption that most problems already have been solved in other (manufacturing) technology domains. In order to support the creative part of specific solution design, analogies are used to deflect the focus of possible solutions off the field of the psychological inertia vector (PIV).
Abstraction Known specific solutions can be used to identify standard solution strategies, that can be used to find a solution for another specific problem. The linking of solution and problem is enabled by an abstract modelling of specific problems and solutions. This principle is reflected originally within TRIZ by the idea of standard problems and standard solutions. In order to integrate different technology knowledge, technology models must be transformed within a step of abstraction. Thus the information of the technology models is reduced, but the important information about the mechanisms that lead to problems as well as potential solutions needs to be retained while the model is transformed.
The above mentioned parallels between the principles of TRIZ and manufacturing technology design in the context of changing trends of production technology developments show a high potential for the use of a manufacturing design methodology aligned with TRIZ. Summarizing, the main parallels are expressed as: The challenge of finding inventive and interdisciplinary solutions that follow the direction toward current multicriteria definition of ideality.
Although the application of TRIZ in manufacturing process design is promising, it is either not applied or even unknown in most instances. Potential reasons are the time consuming methodology learning efforts and limited transferability of TRIZ methods to the analysis of manufacturing technology limits and its root causes. Reasons are complex mechanisms and interactions of many manufacturing technologies that are either unknown or cannot be explained in terms of problem description models in accordance with TRIZ. Furthermore, abstract solutions that are generated using TRIZ methods offer many degrees of freedom. This high level of ambiguity (which is desired in many TRIZ applications) often overstrains the user and thus reduces the probability of a specific solution. Moreover, analogies and solutions described here are often not applicable to specific manufacturing technology problems or they seem to be trivial. A manufacturing design methodology aligned to TRIZ but with lower abstraction level that is focused on the mechanisms of manufacturing technologies in a first step might be a promising approach for the integration of TRIZ and manufacturing technology development.
Description models of specific technologies
What are the limits of the process?
Explanation models of specific technologies Why do the limits exist?
Solution models of hybrid technologies How to break the limits? Steps of the design methodology approach for integrated manufacturing process enhancement [7] .
In [7] a design methodology approach for hybrid manufacturing technologies was introduced for the purpose of finding inventive (hybrid) process solutions. Figure 15 shows the main structure of the introduced design methodology. The description of the process limits can be done phenomenologically by black-box models of the manufacturing system. For this purpose a description model that only considers the input and output of the system can be used, while input and output can be material, energy and information according to the definition of an EMS model [19] . In the case of a manufacturing process, the function of the system is defined by the desired transmutation of the workpiece characteristics and the amount of required resources such as tools, energy and time. Technology limits can be described and realised by technical contradictions of those input and output parameters, but often the original mechanisms and effects of the technology limits are described implicitly and cannot be identified in detail.
Every production technology uses specific mechanisms in order to transmute a workpiece from one state into another state and thus creates added value. The transformation of the workpiece describes the effect of the manufacturing technology. In order to explain the effect of the technology detailed an in-depth knowledge is desired in order to identify the root causes and hidden system contradictions within the whole cause and effect chain. Thus the black box description of the manufacturing process has to be replaced by an explanation model, which considers the knowledge about the system structure including process characteristics and mechanisms (see Figure 16 ). If the required knowledge for the analysis of the technology is contained in different models, reduced information of these models has to be integrated in one model. The method of generating this model must be able to represent the view of the technology expert, to interpret his technical language and use his technology specific knowledge. In order to complete the cause-and-effect (CAE) model several influences have to be studied by a review of single models, diagrams or expert knowledge. In a next step, the critical cause-and-effect chains are identified and root causes are analysed in terms of technical or physical contradictions. Based on this system analysis within a problem solving process the "real" contradictions that causes a technology limit can be addressed. Important abstract solution principles, which could be identified in radical technology solution, are:
Make the system more flexible or efficient by changing or controlling system elements or interrelations that can influence the core contradiction that have not been influenced yet. Add subsystems that can influence the contradiction elements of the systems or even can change undesired effects into desired effects (e.g. adding a new energy as in laser-assisted machining or ultrasonic-assisted machining). Once the critical cause-and-effects are identified, they can be also shown by means of a substance field (SF) model. A comparison of the manufacturing CAE model with the SF Model shows some important similarities. Most of the input and output parameters that are separated in the CAE model are properties of the substances in the SF model. The process characteristics (e.g. temperature, forces, electrical current) are represented in the fields and the mechanisms are described by effects in a SF model. Thus the capability of SF analysis and the related standard solutions can be used in combination with a detailed manufacturing technology analysis while using expert knowledge about process characteristics and mechanisms. Besides SF analysis other TRIZ methods can also be useful for solution generating at this point as shown in [7] . For people with detailed technology knowledge this combination promises a better access to the TRIZ methodology and increases the probability of new technology solutions.
Comparison of CAE model and SF model

Open questions in using TRIZ for manufacturing technology development
Although first approaches have been developed there is still much research required in order to use manufacturing technology knowledge for TRIZ-based technology enhancements. One specific challenge in the case of manufacturing technology development is the fact that technology evolution steps are characterised by a change of mechanisms or a change of quantity and durations of process mechanisms. Considering that the interactions and mechanisms of a technology application are dynamic, time separated processes phases have to be described in order to explain a manufacturing technology comprehensively. This will be shown in the following by the example of an electrical discharge machining (EDM) process, see Figure 18 . The EDM process features highly dynamic interactions that can be simplified into several phases. Regarding the main mechanisms of this machining process these phases can be reduced to three process phases: debris chain formation, electrical discharge and material erosion. In the example of an EDM process, the initial problem that should be analysed is the contradiction between high material removal rates and low recast layer generation (Figure 19 ). Based on an analysis of the cause-and-effect chains of the EDM process the SF models were derived as shown in Figure 20 .
In the first process phase the voltage between tool and workpiece causes a debris chain formation in the dielectric fluid. The properties of the electric field influence the following effects as "classical" input parameters of the EDM process. But also the properties of the dielectric fluid are important input parameters.
In the second phase of the process electrical discharge appears and leads to a thermal field that has an effect on both the tool as well as the workpiece. Concerning the above described problem only the workpiece influencing effects are shown. Here mainly two mechanisms are identified: material heating in the sub-surface and material melting on the surface. Thus two substances are separated in process phase 2 out of one substance in phase 1. Here the system structure of the process has changed. In reference to the substance field analysis an effect should be evaluated as desired or undesired. Due to the relationships between extent of material melting and the effects of the following phase 3, the effect of material melting is both desired and undesired in terms of a physical contradiction. On the one hand the material melting effect should be maximised for an optimisation of productivity, on the other hand it should be minimised for a better surface integrity. The progression of time is not immediately evident in this SF model that is essentially static in nature.
The next phase of the process has to be considered in terms of two SF models that are indeed related and can be separated in space. The core problem can most effectively be shown by the link between elements of phase 2 and phase 3. While the mechanism of material melting is described by a physical contradiction The ideal solution is to realise an infinite material removal without sustaining any recast. The different SF models finally have to be linked over the time in order to account for the dynamic character of manufacturing processes. The ambiguity of the material melting mechanism thus can be explained by a time-delayed pair of different physical mechanisms that are related and describe a contradiction.
The functions of material removal and removal of the recast layer can be separated in time by employing a roughing process to maximise the material removal followed by a finishing process that focuses on removing the recast. Another and more ideal solution to the contradiction is to maximise the ratio of the molten to the recast material. As known from other technology models several aspects could be helpful to avoid the mechanism of material adhesion by the application external fields such as ultrasonic vibration, abrasion or high speed fluid flow. 
Summary
Innovation is the key to ensure manufacturing competitiveness especially in western countries as a consequence of globalisation. It is essential to exploit the potential for innovation that is present in the knowledge base. Most of the existing knowledge about specific technologies is not applicable to other technologies because the technology models are not transferable. A common semantic for the explanation of limitations and solutions of different manufacturing technologies is needed for interdisciplinary manufacturing process design approaches. A review of several innovative manufacturing technologies has indicated that they evolve towards increasing ideality, while the scope of ideality itself is dynamic. Similar solution principles have been shown to underlie technology developments in diverse process domains, which indicate the potential of formulating standard solutions as those in TRIZ for further process development. Although the parallels of TRIZ and requirements of manufacturing technology development are evident, still further research is warranted in order to better align TRIZ with manufacturing technology development. System models describing and explaining technology problems should be enhanced in order to benefit from detailed knowledge about the mechanisms of specific manufacturing technologies when applying TRIZ in order to find the solution.
